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ABSTRACT Pronghorn (Antilocapra americana) occur throughout western North America. In Idaho,
USA, following intensive hunting to reduce crop depredations in the late 1980s, pronghorn populations
have not rebounded to desired levels. Because neonatal survival in ungulates is one factor limiting pop-
ulation growth, we evaluated cause‐specific mortality and the influence of intrinsic and extrinsic factors on
survival rates of 217 radio‐collared pronghorn fawns across 3 study areas in Idaho during 2015–2016. For
intrinsic variables, we determined the sex and body mass index (BMI) for each fawn. For extrinsic variables,
we determined the abundance of predators and alternate prey, estimated the normalized difference vege-
tation index (NDVI) for 1 month pre‐ and post‐parturition, and measured fecal nitrogen and dia-
minopimelic acid (DAPA). We considered NDVI as a measure of plant productivity, and fecal nitrogen
and DAPA as possible proxies of diet quality. We predicted NDVI, fecal nitrogen, and DAPA would be
positively related to the nutritional status of females and positively related to fawn survival. We used
Program MARK with known fate models to estimate semi‐monthly survival rates of pronghorn fawns for
the first 4 months post‐parturition. During both years, the leading cause of fawn mortality was coyote
(Canis latrans) predation (58%), followed by unknown causes of mortality (18%), unknown predation
(12%), predation by bobcats (Lynx rufus; 6%), predation by golden eagles (Aquila chrysaetos; 3%), and other
(3%). Mean fawn survival for the 4 months post‐parturition across years and study sites was 0.42± 0.04
(SE; range= 28–62%). The top survival model included BMI, lagomorph abundance, and DAPA and had
a model weight of 83.3%. All 3 variables were positively related to pronghorn fawn survival. Because
females with increased nutrition generally have heavier fawns, BMI was likely correlated to diet quality,
which was supported by the positive relationship between DAPA and fawn survival. We hypothesize that
high lagomorph abundance created an alternate prey base to buffer coyotes from preying on pronghorn
neonates. We found no influence of measures of NDVI (pre‐ and post‐parturition), fecal nitrogen, or
predator abundance on fawn survival. Management actions providing high‐quality forage for pronghorn are
likely to contribute to production of heavier fawns having the highest chance of survival. © 2020 The
Wildlife Society.
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Pronghorn (Antilocapra americana) were historically abun-
dant throughout the central plains, western grasslands, and
deserts of North America (Yoakum 2004a). Pronghorn are
viewed by the public as an iconic symbol of the deserts and
plains of the United States, and are a valued game animal
for hunters in many states. In Idaho, USA, estimates of
pronghorn numbers (Fig. 1) peaked in the late 1980s
(Rachael et al. 2010). This increased abundance created
increased crop depredation by pronghorn on local farms as
pronghorn habitat was converted into irrigated agriculture
in the Upper Snake River Plain. Pronghorn depredation on
agricultural fields led to herds being heavily harvested to
reduce numbers and mitigate conflicts with producers
(Rachael et al. 2010). Since the reduction in pronghorn
populations, Idaho has yet to see pronghorn numbers return
to pre‐control levels (Rachael et al. 2010). Because prong-
horn are viewed as a valued big game animal, Idaho
Department of Fish and Game (IDFG) has a mandate for
sustaining pronghorn populations to provide hunting
opportunities.
In general, ungulate populations have low fawn survival
(Fowler 1987, Gaillard et al. 1998) and neonates are the
most susceptible age class for morality (Caughley 1966,
Fowler 1987, Linnell et al. 1995). Population dynamics of
pronghorn populations are variable, but survival rates of
pronghorn neonates are generally low (Gregg et al. 2001,
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Dunbar and Giordano 2003, Seidler et al. 2014). Survival of
neonatal pronghorn are affected by a variety of factors in-
cluding nutrition, predation, disease, and weather (Beale
and Smith 1973, Byers 1997). Understanding the factors
limiting neonatal survival could be important in sustaining
or increasing pronghorn numbers to meet management
objectives (i.e., increasing hunting opportunities). Adult
survival in ungulate populations can remain stable but ne-
onatal survival can be variable and play a large role in
population dynamics (Gaillard et al. 1998).
The nutritional status of the female immediately before
parturition can influence neonatal survival, and likely reflects
the quality of forage available to the female during gestation
(O'Gara 2004). Pronghorn diet quality can be indexed
using fecal analysis (Yoakum 2004b) with 2 of the most
common fecal measures being 2,6‐diaminopimelic acid
(DAPA) and fecal nitrogen (Leslie et al. 1989, Osborn and
Ginnett 2001). Both have been studied in pronghorn in
captivity (Robinson and Byers 2001) and free‐ranging
populations (Dennehy 2001, Hansen et al. 2001). In fecal
samples, DAPA is an amino acid residue resulting from
rumen bacteria fermentation with increasing levels of
DAPA changing as diet quality increases (Dennehy 2001).
Fecal nitrogen is the measure of nitrogen levels from un-
digested forage and is correlated to diet quality of ungulates
(Wehausen 1995, Smyser et al. 2005). But Gálvez‐Cerón
et al. (2015) recommended fecal nitrogen is limited in its use
as a proxy for diet quality because high levels of gastro-
intestinal nematodes influence fecal nitrogen in ruminants.
Predators can reduce ungulate neonate survival (Linnell
et al. 1995). Coyotes (Canis latrans) account for upwards of
75% of predation‐caused mortality on fawns (Berger and
Conner 2008, White et al. 2009). Coyotes are generalist
predators and consume a wide variety of prey species and
neonates are vulnerable only within a short window fol-
lowing birth; therefore, predators are usually focused on
alternate prey. Alternate prey affects neonatal survival in
several ungulates including mule deer (Odocoileus hemionus;
Hamlin et al. 1984), caribou calves (Rangifer tarandus;
Bergerud 1983), and pronghorn (Beale 1986).
Pronghorn select forbs when they are available
(Dirschl 1963, Beale and Smith 1970). Remote sensing has
recently allowed for the incorporation of vegetation indices
as indictors of plant productivity (Pettorelli 2014,
Villamuelas et al. 2016) such as the normalized difference
vegetation index (NDVI). The NDVI is the normalized
reflectance difference between the visible red bands and the
near infrared, and tracks chlorophyll quantity and plant
production through the growing season (Pettorelli 2014,
Jensen 2016, Villamuelas et al. 2016). Female pronghorn
have a long gestation period (8.4 months) with half of a
fawn's mass gained during the last month of pregnancy
(O'Gara 2004). During this time, plant productivity (as
measured by NDVI) could have a major influence on a
fawn's birth mass during the pre‐parturition period, and
thus affect fawn survival.
Our objective was to examine intrinsic and extrinsic fac-
tors that may influence pronghorn fawn survival. We con-
ducted the study at 3 sites to evaluate how a gradient of
landscape differences may affect neonate survival. For in-
trinsic variables, we hypothesized that the sex and body
mass index (BMI) of each fawn would influence fawn sur-
vival and predicted that larger fawns (i.e., males, fawns with
higher BMI) would be related to increased fawn survival.
For extrinsic variables, we hypothesized that the abundance
of predators and alternative prey, estimated NDVI for
1 month pre‐ and post‐parturition, and fecal nitrogen and
DAPA would influence fawn survival. We predicted that
greater NDVI (as a measure of plant productivity) and
greater fecal nitrogen and DAPA (both surrogates of diet
quality) would be related to increased fawn survival. We also
predicted that a greater abundance of alternate prey and
fewer predators would be related to increased fawn survival.
STUDY AREA
We conducted this study in 3 sites across Idaho (Fig. 2) during
the summer (mid‐May to mid‐Sep) of 2015 and 2016. The
3,232‐km2 Big Desert site consisted of variable topography
with rolling lava ridges, grassy valleys, and sagebrush
(Artemisia spp.) draws; elevation ranged from 1,395m to
1,778m. Sagebrush and grasslands contained native (Indian
ricegrass [Achnatherum hymenoides], needle‐and‐thread grass
[Hesperostipa comate]), and invasive grasses (cheatgrass [Bromus
tectorum]). There was a high portion of exotic invasive grasses
in the area. At the eastern edge of the area, agricultural
fields were present. Major fauna included pronghorn, elk
(Cervus canadensis), coyotes, bobcats (Lynx rufus), and jack-
rabbits (Lepus spp.). Average annual rainfall was 23.31 cm and
annual snowfall was 63.5 cm (www.usclimatedata.com,
accessed 9 May 2017). Land ownership was 73% Bureau of
Land Management (BLM) and 25% private, and the
remaining 2% was split between the National Park Service and
state. The Big Desert herd had approximately 250 pronghorn
and was declining. In fall (Sep–early Nov), some pronghorn
shifted to the agricultural fields, whereas during winter
(late Nov–Mar), pronghorn either moved to the northwest, or
resided along the eastern edge of the area.
The 1,008‐km2 Camas Prairie site was mainly private
property. The topography was flat and primarily agricultural
fields with some riparian areas; elevation ranged from 1,525m
to 1,589m. The agricultural fields consisted of alfalfa, wheat,
Figure 1. Estimated number of pronghorn in Idaho, USA, 1920–2000
(Yoakum 2004a).
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and grass. Major fauna included pronghorn, coyotes, jack-
rabbits, and ground squirrels (Urocitellus spp.). Annual rainfall
averaged 33.8 cm and annual snowfall averaged 104.4 cm.
Land ownership was 97% private with the remaining split
between state, United States Forest Service (USFS), and
BLM. The Camas Prairie herd numbered approximately
800 animals and was slightly increasing. During the spring,
summer, and fall, pronghorn lived almost exclusively in agri-
culture fields and surrounding riparian areas. During winter,
all the pronghorn migrated to the south and southwest.
The 1,442‐km2 Little Lost‐Pahsimeroi (LLPH) study site
had variable topography with mountain peaks, creek bottoms,
and sagebrush and grassy valleys; elevation ranged from
1,891m to 2,992m. The site consisted of sagebrush flats and
hills accompanied with creeks. Major fauna included prong-
horn, elk, mule deer, coyotes, black bear (Ursus americanus),
ground squirrels, and jackrabbits. Annual rainfall averaged
21.9 cm and annual snowfall averaged 40.6 cm. Ownership
was 78% BLM and 22.5% USFS, and the remaining 0.5%
was split between state and private. The LLPH herd was
stationary and numbered approximately 400 pronghorn.
Most pronghorn moved out of the study area during winter.
METHODS
Capture, Handling, and Monitoring of Fawns
We captured newborn pronghorn during the fawning
season (mid‐May to early Jun) of 2015 and 2016. We
observed female pronghorn suspected to be nursing new-
born fawns using spotting scopes and binoculars. Once we
observed a fawn, we directed capture teams to a fawn's
location. Capture teams used large fishing nets placed over
neonates when 2–3m from the fawn. We then blindfolded
the fawn and placed it in a mesh bag for processing. During
handling, we wore rubber gloves and long‐sleeve shirts to
prevent transferring human scent to the fawn. We sexed,
weighed, and measured (chest girth, hind foot length, hoof
hairline) fawns, and estimated age using hair, umbilicus, and
hoof condition (Autenrieth and Fichter 1975). We fitted
each fawn with a 92‐g expandable very high frequency
radio‐collar (Advanced Telemetry Systems, Isanti, MN,
USA) equipped with a 4‐hour mortality switch. Capture
and handling protocols were reviewed and approved by the
Institutional Animal Care and Review Committees
(IACUC) at the United States Department of Agriculture,
National Wildlife Research Center (protocol QA‐2460) and
Utah State University (IACUC approval 2443).
We located radio‐collared neonates daily for up to 4 months
using a 3‐element Yagi antenna or an Omni‐mounted truck
antenna attached to a portable receiver (Communications
Specialists, Orange, CA, USA). We used aerial flights to
locate missing fawns. If we detected a mortality signal, we
located the fawn immediately and performed a necropsy in
the field, unless we found a whole carcass. We collected and
froze whole carcasses and sent them to a diagnostic lab for
necropsy (Idaho Wildlife Health Lab, Eagle, ID, USA).
Figure 2. The 3 study areas for monitoring pronghorn fawn survival, southern Idaho, USA, 2015–2016. The Camas Prairie study area is denoted in green;
Little Lost‐Pahsimeroi study area is denoted in blue; Big Desert study area is denoted in red.
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Predator and Alternate Prey Surveys
We conducted surveys in all 3 study areas, including pred-
ator scent‐station surveys (Linhart and Knowlton 1975),
lagomorph spotlight surveys (Smith and Nydegger 1985,
Caley and Morley 2002), and ground squirrel surveys. We
conducted the surveys on 4 5‐km transects located along
roads, which we randomly selected in each study area. We
used the same 4 5‐km transects for all the surveys in each
study site during both years of the study. For scent‐station
surveys, we placed scent stations every 0.5 km along the
transects giving 11 stations on every transect. Every station
had a 1‐m circle of leveled, sifted dirt containing a scented
predator disc (Pocatello Supply Depot, Pocatello, ID, USA)
in the center. We examined scent stations daily for 3 con-
secutive days (weather permitting) for predator tracks. We
estimated relative abundance of predators as the visitation
rate along each transect.
We completed lagomorph spotlight surveys on 3 consecutive
nights along each transect, and counted black‐tailed
jackrabbits (Lepus californicus), white‐tailed jackrabbits (Lepus
townsendii), mountain cottontails (Sylvilagus nuttallii), pygmy
rabbits (Brachylagus idahoensis), and snowshoe hares (Lepus
americanus). We initiated lagomorph surveys for 3 consecutive
nights during the onset of a new moon coinciding with ne-
onate capture in all study areas. We determined abundance as
rabbits per transect.
We estimated relative ground squirrel abundance using
visual ground counts over 3 consecutive days and counted
Uinta ground squirrels (Urocitellus armatus), Piute ground
squirrels (U. mollis), Wyoming ground squirrels (U. elegans),
Columbian ground squirrels (U. columbianus), and yellow‐
bellied marmots (Marmota flaviventris). We determined
abundance as squirrels per transect. We used the results
from these 3 surveys in the pronghorn survival model at the
study site level, the closest transect level (assigned fawns to
the closest transect based on their capture site), or at the
transect level using a random value within the standard
deviation of the estimate for that transect, thereby
accounting for variance of the estimate.
Diet Quality and Plant Productivity Covariates
We collected fecal samples to assess diet quality and female
nutritional status on the study sites. We examined levels of
DAPA and fecal nitrogen (Leslie et al. 1989, Osborn and
Ginnett 2001). We collected fecal samples only from adult
females across each site during late July through early
August. We observed female pronghorn using spotting
scopes and binoculars, marked locations when females de-
posited feces, then collected samples when the female
moved away from that location. We collected approximately
50 samples from each study area per year. We froze col-
lected samples and sent them to Washington State
University Wildlife Habitat and Nutrition Lab (Pullman,
WA, USA) for analysis of fecal nitrogen and DAPA. We
averaged values of fecal nitrogen and DAPA across each
study site for each year.
We examined NDVI as a measure of plant productivity
(Pettorelli 2014, Jensen 2016, Villamuelas et al. 2016) as
another extrinsic variable possibly influencing survival of
pronghorn fawns. We acquired NDVI values from the
United States Geological Survey eMODIS program (ver-
sion 5) on a 7‐day interval (https://phenology.cr.usgs.gov/
index.php, accessed 8 Sep 2017). We then formatted and
entered the NDVI data into a time series analysis for the
purposes of cleaning the data of atmospheric anomalies (i.e.,
clouds and smoke, which decrease NDVI values measured
from satellite imagery) using a double logistic fitting algo-
rithm (Bischof et al. 2012, Aikens et al. 2017, Mysterud
et al. 2017) using TimeSat 3.3 software (http://web.nateko.
lu.se/timesat/timesat.asp, accessed 11 May 2017). We then
entered the appropriate weekly NDVI images into a
geographic information system.
We collected NDVI values during 2 different phases: pre‐
parturition and post‐parturition using capture date and lo-
cation to determine the location and timing of the NDVI
data. We examined NDVI measures during 4 weeks pre‐
parturition to represent maternal nutrition during the last
month of pregnancy, which could affect fitness of the fawn.
We also examined NDVI measures during 4 weeks post‐
parturition to determine if there was a vegetative conceal-
ment component or increased milk production (i.e., during
lactation) associated with fawn survival. We calculated the
parturition date for each capture site. We used this date to
determine which 4 weeks of NDVI data to use for the pre‐
and post‐parturition NDVI values for each fawn and created
a 1‐km buffer around each fawn's capture location. We then
used weekly averaged and accumulated sums of the NDVI
values within the capture location buffer to estimate average
and total productivity for each fawn during the pre‐ and
post‐parturition periods. Pre‐parturition locations were un-
known prior to birth of the fawn (i.e., the female was not
radio‐collared). Post‐parturition locations (first 4 weeks
after capture) of the radio‐collared fawns were within the
1‐km buffer of the capture site.
Data Analysis
We used the known fate model in Program MARK (White
and Burnham 1999) to estimate survival rates of the radio‐
collared pronghorn fawns. The model is an extension of the
Kaplan‐Meier model (Kaplan and Meier 1958) and allows
staggered entry and exit of fawns (Pollock et al. 1989). We
estimated fawn survival in 8 bi‐weekly intervals, which oc-
curred late May (following parturition) through mid‐
September. We assigned fawns an alive or dead status for
each survival period and censored fawns not located during
the period.
We constructed models to assess patterns in neonatal
pronghorn survival across a range of environmental con-
ditions. To avoid developing a large number of a priori
models, we used a sequential process (Nichols et al. 1997,
Franklin et al. 2004, Blakesley et al. 2010). In the first
phase, we constructed models with sex, temporal (within
and between yr), and study site effects. We used the struc-
ture from the top models (top model and models ≤2 ΔAICc
units of top model) in the first phase and then included
individual covariates and site variables. We included each
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covariate in the base model separately, as an additive effect.
Individual covariates included fawn DAPA (average DAPA
from the 3 closest fecal samples to the fawn capture site),
mean predator abundance for each fawn (estimated predator
abundance from the transect closest to fawn capture site),
and random predator abundance for each fawn (a randomly
generated number within the standard deviation for the
transect closest to the fawn capture site). In addition, to
control for age and size differences, we included hind foot
length and BMI as individual covariates (BMI calculated for
each fawn using a fawn's mass divided by chest girth).
During this phase, we also evaluated site covariates of pre‐
parturition NDVI for each capture location, post‐
parturition NDVI for each capture location, mean fecal
nitrogen value for each study site, mean fecal DAPA for
each study site, mean predator abundance for each study
site, mean lagomorph abundance for the study site, lago-
morph transect average, lagomorph transect random,
squirrel site‐wide average, squirrel transect average, and
squirrel transect random (Table 1). For the variables of
predator, lagomorph, and squirrel abundance, there were
3 indices of abundance (i.e., mean for the study site, transect
average, and transect random), but we included only 1 of
these indices in any model.
After analyzing the second phase of models, we expected
to construct our final set of models using combinations of
variables contained in the top models (top model and
models ≤2 ΔAICc units of top model); however, BMI was
the only competitive variable. The model with BMI was
7.54 AICc units lower than the next best model with any of
the predictor variables. Therefore, for the third and final set
of models, we combined every variable for which the AICc
was lower than the base model with BMI. Although
DAPA, pre‐parturition NDVI and post‐parturition NDVI
did not meet these criteria, we also included these
3 variables in the final model set. We included these
variables because a major impetus for this study was to de-
termine whether DAPA or an NDVI metric could serve as a
proxy for habitat quality for pronghorn fawning areas. We
used Akaike's Information Criterion for small sample sizes
(AICc) and normalized AICc weights to rank the models
(Burnham and Anderson 2002). To account for model se-
lection uncertainty, if applicable, we used model‐averaged
estimates of fawn survival.
Neonatal ungulates are often radio‐collared as siblings
(Hamlin et al. 1984, Whittaker and Lindzey 1999,
Carstensen et al. 2003, Bishop et al. 2007) for those species
that twin. We radio‐collared each fawn we could locate, re-
sulting in 48.3% of the radio‐collared fawns being siblings.
When sampling units include siblings, independence of
sampling units can be violated (Bishop et al. 2008). We
tested for lack of independence, via estimating an over-
dispersion parameter (c), using our global model. We used
the data bootstrap (commonly referred to as a non‐parametric
bootstrap in statistical literature) procedure in Program
MARK (White and Burnham 1999, Bishop et al. 2008) to
run 5,000 simulations. To estimate c, we divided the boot-
strap variance by the estimated variance from the global
model. We estimated c separately for each study site.
RESULTS
We captured, radio‐collared, and monitored 217 (110 female,
107 male) fawns during 2015 and 2016. In 2015, we radio‐
collared 101 (51 female, 50 male) fawns over 19 days. In
2016, we radio‐collared 116 (59 female, 57 male) fawns over
21 days. The number for each site and year varied (Table 2),
but we approached our target of 30 fawns/site/year. Mean
fawn capture date was similar among years and study sites
(Table 2); we censored the 1 mortality classed as capture‐
related from analysis. The mean body mass of fawns at cap-
ture during the entire study was 3.99 kg and mean chest girth
was 36.95 cm. In 2015, mean body mass across the study areas
was 3.87 kg with a mean chest girth of 36.81 cm. In 2016, the
mean body mass was 4.09kg and mean chest girth was
36.95 cm. Body measurements of fawns varied among study
sites and years (Table 2). The mean BMI of all fawns at
capture was 0.108 across all years and study sites. In 2015 and
2016, the mean BMI was 0.105 and 0.110, respectively.
The percent fawns surviving and causes of death varied
among years and sites (Table 3). In 2015, across all sites,
coyote predation was responsible for 61% of mortalities,
followed by unknown mortality (19%), unknown predation
(9%), bobcats (5%), golden eagles (Aquila chrysaetos; 4%),
and black bears (2%). In 2016, across all sites, coyote pre-
dation was again the leading cause of mortality (56%), fol-
lowed by unknown causes (16%), unknown predation
(15%), bobcats (7%), golden eagles (3%), pneumonia (2%),
and capture (1%).
Predator and Alternate Prey Surveys
We used 264 scent stations over 18 survey nights to estimate
predator abundance (Table 4). The Big Desert study site
Table 1. Intrinsic and extrinsic predictor variables hypothesized to influ-





Fawn Body mass index Individual
Fawn Hind foot length Individual
Fawn Sex Individual
Temporal Year Temporal
Temporal 2‐week period Temporal
Site Site difference (beyond habitat variables) Site
Habitat Fecal nitrogen site‐wide Site
Habitat DAPA site‐wide Site
Habitat Fawn DAPA (3 closest samples) Individual
Habitat Pre‐parturition NDVI Individual
Habitat Post‐parturition NDVI Individual
Environmental Predator site‐wide Site
Environmental Predator transect Individual
Environmental Predator transect random Individual
Environmental Lagomorph site‐wide Site
Environmental Lagomorph transect Individual
Environmental Lagomorph transect random Individual
Environmental Squirrel site‐wide Site
Environmental Squirrel transect Individual
Environmental Squirrel transect random Individual
a DAPA= 2,6‐diaminopimelic acid; NDVI= normalized difference
vegetation index.
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had the highest estimates of relative predator abundance
during both years. Coyotes were the leading predator found
in all of the surveys. In 2015 and 2016, the Big Desert study
site had the highest number of coyote visits per transect,
followed by the LLPH site, then the Camas Prairie site. We
found sign of bobcats only in the Big Desert study site in
2015 and abundance estimates averaged 1.0± 1.47 (SD)
bobcat visits/transect. In 2016, the Big Desert site recorded
an average of 0.08± 0.28 bobcat visits/transect and the
Camas Prairie site averaged 0.33± 0.49 bobcat visits/
transect. The LLPH study site did not have bobcats visit
any scent station in 2015 or 2016.
We completed 72 nights of spotlight surveys to estimate
relative lagomorph abundance and counted 626 lagomorphs
(Table 4). We counted 309 lagomorphs in 2015 and 317 in
2016. Black‐tailed jackrabbits were the most abundant la-
gomorph (81.5%) with 510 rabbits counted across both
years. White‐tailed jackrabbits were the second most
abundant (n= 60), followed by cottontail rabbits (n= 34),
and pygmy rabbits (n= 7). The Big Desert site had the
highest lagomorph abundance during both years. In 2015
and 2016, the Big Desert site had the highest number of
lagomorphs per transect, followed by the LLPH site, then
the Camas Prairie site.
We surveyed ground squirrels on 72 days during the study
and counted 235 ground squirrels in 2015, and 144 in 2016
(Table 4). The Camas Prairie site had the highest ground
squirrel abundance for both years. In 2015 and 2016, the
Camas Prairie site had the highest number of squirrels per
transect, followed by the LLPH site, then the Big
Desert site.
Fecal Nitrogen and DAPA
In 2015, we collected 134 fecal samples (Big Desert: n= 50,
Camas Prairie: n= 44, LLPH: n= 40). The Camas Prairie
site had the highest values of fecal nitrogen and DAPA,
followed by the Big Desert site, and then the LLPH site
(Fig. 3). In 2016, we collected 150 (50 at each site) fecal
Table 2. Number of fawns captured and radio‐collared, sex ratio, mean capture date, body mass, chest girth, and body mass index of neonatal pronghorn
across the 3 study areas, southern Idaho, USA, 2015–2016.
Big Desert Camas Prairie Little Lost‐Pahsimeroi
2015 2016 2015 2016 2015 2016
Number captured 32 40 33 37 36 39
Sex ratio (female:male) 17:15 17:23 15:18 22:15 19:17 20:19
Capture date (x̄) 26 May 19 May 27 May 25 May 25 May 23 May
Fawn mass (kg)
x̄ 4.2 4.1 3.7 3.8 3.7 4.4
SD 0.8 0.8 0.5 0.8 0.7 0.5
Min. 2.9 2.8 3.0 2.5 2.5 3.5
Max. 6.9 7.1 5.1 6.2 4.9 5.7
Chest girth (cm)
x̄ 38.1 37.5 36.2 37.3 36.2 36.5
SD 3.2 2.7 2.4 5.1 2.7 1.9
Min. 32.0 31.0 30.7 27.0 30.5 32.0
Max. 46.0 45.0 41.0 49.0 43.5 40.0
Body mass index
x̄ 0.108 0.108 0.104 0.102 0.103 0.120
SD 0.017 0.015 0.013 0.014 0.017 0.011
Min. 0.074 0.081 0.084 0.080 0.071 0.097
Max. 0.159 0.159 0.142 0.140 0.130 0.145
Table 3. Percent fawns surviving the first 4 months post‐birth and percent
cause‐specific mortality of neonatal pronghorn across the 3 study areas,
southern Idaho, USA, 2015–2016.
Big Desert Camas Prairie
Little Lost‐
Pahsimeroi
2015 2016 2015 2016 2015 2016
Fawns surviving
% surviving 51 35 50 62 28 28
Cause (%)
Coyote predation 34 54 81 43 65 64
Unknown causes 13 15 19 21 23 14
Bobcat predation 20 19
Unknown predation 33 12 29 11




Table 4. Relative abundance of ground squirrels, lagomorphs, and pred-
ators across the 3 study areas, southern Idaho, USA, 2015–2016.
Big Desert Camas Prairie Little Lost‐Pahsimeroi
2015 2016 2015 2016 2015 2016
Ground squirrel abundance (squirrels/transect)
x̄ 0.0 0.3 13.8 6.1 5.8 5.6
SD 0.0 0.7 20.9 11.6 4.0 4.4
Range 0.0 0–2 0–54 0–32 0–12 1–15
Lagomorph abundance (rabbits/transect)
x̄ 21.0 21.2 1.5 2.0 3.3 3.2
SD 15.4 13.7 1.8 1.8 3.6 4.3
Range 1–48 3–45 0–6 0–5 0–10 0–15
Predator abundance (predator visits/transect)
x̄ 2.3 2.4 0.2 0.8 0.5 1.3
SD 1.9 1.3 0.4 1.1 0.8 0.9
Range 0–6 0–5 0–1 0–3 0–2 0–3
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samples across the study sites. The Camas Prairie site again
had the highest values for fecal nitrogen and DAPA, followed
by the Big Desert site, and the LLPH again had the lowest
fecal nitrogen and DAPA values. The DAPA and fecal
nitrogen values were correlated in space and time with both
parameters being high during the same years and same sites.
Survival Analysis
Estimates of c for each study site (group) were ≤1 indicating
no issues of overdispersion or dependence in the dataset.
The top model for the first phase of model selection in-
cluded site and time modeled as categorical variables
(Table 5). Categorical time indicates survival was different
for each semi‐monthly period, both within and between
years, but with no trend. For the second phase of modeling,
BMI was the highest‐ranked single covariate or variable
(Table 5). The next closest covariate to BMI was relative
abundance of lagomorphs at the transect level
(ΔAICc= 7.5). The best model from the first and second
phase of modeling indicated no strong increasing or
decreasing temporal trends in survival, and no influence of
sex on survival rates.
We omitted the variable random lagomorphs per transect
from the third data set because its AICc was larger than the
closely related lagomorphs per transect and its parameter
(slope) estimate was not significant (at α= 0.05), whereas
the parameter for lagomorphs per transect was significant.
When we combined BMI with final variables from the
second phase of modeling, abundance of lagomorphs per
transect and DAPA at the study site level were in the top
models (Table 5). Because we hypothesized lagomorph
abundance was what explained the site differences, we ran a
final model wherein we removed site and ran a model with
BMI, lagomorphs per transect, and DAPA. This was the
top model and had 83.3% of the model weight (Table 5).
The second‐best model contained the same covariates as the
previous model but had an additive group (study site) effect;
this model had 11.2% of model weight. These 2 top models
explained 94.5% of the model weight. In both top models,
survival rates of pronghorn fawns increased with increasing
individual BMI (Fig. 4A), increasing lagomorph abundance
(Fig. 4B) and increasing DAPA values for adult female
pronghorn at the study site level (Fig. 4C). Overall survival
of pronghorn fawns for the 4‐month study period during
2015 and 2016 was 0.42± 0.04 (SE) and 0.41± 0.04,
respectively.
DISCUSSION
Our results supported the hypothesis that BMI of neonates,
lagomorph abundance, and levels of DAPA among the
females were related to fawn survival. The BMI of the ne-
onates and the DAPA values among the adult females are
often linked to diet quality (Robinson and Byers 2001,
Miller and Drake 2003, Smyser 2008). Because pronghorn
fawns gain half of their body mass during the last month of
gestation (O'Gara 2004), female pronghorn need highly
nutritious plant species, mostly forbs, during late gestation
and lactation (Yoakum 2006). Lactation is very energetically
expensive to the female and having a high nutritional status
entering lactation would be equally advantageous. Thus, a
high‐quality diet for the female during pregnancy and into
lactation plays a role in fawn survival. The Camas Prairie
study site had the highest survival during both years, which
we predicted based upon the high occurrence and use of
alfalfa fields by the local pronghorn population. These
alfalfa fields are providing adult females with highly
nutritious forage as reflected in the high DAPA values at
this site (Fig. 3). Therefore, diet quality during gestation
and subsequent lactation may be the major factors influ-
encing pronghorn fawn survival in Idaho. We did not es-
timate diet or forage quality as part of our study, which
requires additional investigation to understand their
quantitative contributions to pronghorn fawn survival.
The relationship between increasing BMI and increasing
neonatal survival is consistent with other studies of un-
gulates. Pronghorn fawns with higher body mass generally
have higher chances of survival, as similarly found in mule
Figure 3. Mean values of 2,6‐diaminopimelic acid (DAPA; mg/g) and percent fecal nitrogen (FN%) determined from fecal samples collected from adult
females across the 3 study sites, southern Idaho, USA, 2015–2016. LLPH=Little Lost‐Pahsimeroi.
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deer (Bishop et al. 2009, Monteith et al. 2014), white‐tailed
deer (O. virginianus; Sams et al. 1996, Carstensen
et al. 2009), and moose (Alces alces; Keech et al. 2000).
Neonates with lower birth mass had lower survival in
pronghorn in Colorado, USA (Fairbanks 1993). In our
study, sites in which female pronghorn had higher DAPA
values generally produced fawns with a higher BMI, which
then subsequently had higher survival. Although coyote
predation was the proximate cause of death in most cases,
survival models indicated that nutritional status of the fe-
male and the BMI of her offspring ultimately determine the
fate of that fawn. High DAPA values are linked to high‐
quality forage (Miller and Drake 2003, Smyser 2008).
Female pronghorn feeding on lower nutritional quality
forage results in lower neonatal birth mass, which in turn
directly influences neonate survival (Robbins 1983, Miller
and Drake 2003). Nutritional differences in fecal samples
reflect pronghorn fawn survival (Smyser 2008). With the
relationship between fawn survival and DAPA, it may be
possible to use DAPA as an indirect means to monitor
pronghorn fawn survival. Future studies would benefit from
collecting DAPA samples near radio‐collared neonates,
thereby providing inferences about DAPA values at the
individual level. Inference at an individual level would
provide strong evidence that DAPA could be used as a
surrogate for female nutritional status. Collecting samples
across seasons could also be used to monitor changes in
female nutrition during other critical times (e.g., during
gestation, or during winter). Capturing and marking in-
dividual females would also provide the added benefit of
tracking individual nutritional status and subsequent fawn
survival.
As predicted, we found a relationship between increasing
lagomorph abundance and increasing fawn survival rates.
Table 5. Models for known‐fate survival (S) analysis of neonatal pronghorn for 4 months post‐birth in southern Idaho, USA, 2015–2016. We present
Akaike's Information Criterion corrected for small sample sizes (AICc), difference in AICc (ΔAICc), model weight (wi), model likelihood, number of
parameters (K ), deviance, and model phase. Model phase indicates which model set each model was in.
Modela AICc ΔAICc wi Model likelihood K Deviance Model phase
S(t)+BMI+ lagotran+DAPAsite 644.426 0.000 0.833 1.000 11 622.160 3
S(g+ t)+BMI+ lagotran+DAPAsite 648.435 4.009 0.112 0.135 13 622.067 3
S(g+ t)+BMI+DAPAsite 651.732 7.306 0.022 0.026 12 627.417 3
S(g+ t)+BMI+ lagotran 652.610 8.183 0.014 0.017 12 628.294 3
S(g+ t)+BMI+ lagotran+DAPAfawn 653.502 9.076 0.009 0.011 13 627.134 3
S(g+ t)+BMIb 656.350 11.924 0.002 0.003 11 634.083 2
S(g+ t)+BMI+DAPAfawn 656.734 12.308 0.002 0.002 12 632.419 3
S(g+ t)+BMI+ predran 656.736 12.310 0.002 0.002 12 632.421 3
S(g+ t)+BMI+ FNsite 656.858 12.432 0.002 0.002 12 632.543 3
S(t)+BMI+ lagotran+DAPAfawn 657.478 13.052 0.001 0.002 11 635.212 3
S(g+ t)+BMI+ preNDVI 658.029 13.603 0.001 0.001 12 633.714 3
S(g+ t)+BMI+ postNDVI 658.358 13.932 0.001 0.001 12 634.043 3
S(g+ t)+ lagotran 663.804 19.378 0.000 0.000 11 641.537 2
S(g+ t)+ lagorand 666.540 22.114 0.000 0.000 11 644.274 2
S(g+ t)+ FNsite 666.836 22.410 0.000 0.000 11 644.570 2
S(g+ t)+DAPAfawn 667.127 22.701 0.000 0.000 11 644.860 2
S(g+ t)+ predrand 667.225 22.799 0.000 0.000 11 644.959 2
S(g+ t)c 667.227 22.801 0.000 0.000 10 647.006 1
S(g+ t)+DAPAsite 667.303 22.877 0.000 0.000 11 645.037 2
S(g+ t)+ sqlsite 667.358 22.932 0.000 0.000 11 645.092 2
S(g+ t)+ hindfoot 667.734 23.308 0.000 0.000 11 645.467 2
S(g × t) 668.108 13.228 0.001 0.001 24 618.881 1
S(g+ t)+ sqlrand 668.727 24.300 0.000 0.000 11 646.460 2
S(g+ t)+ year 669.026 24.599 0.000 0.000 11 646.759 2
S(g+ t)+ predtran 669.068 24.642 0.000 0.000 11 646.802 2
S(g+ t)+ sqlrand 669.102 24.677 0.000 0.000 11 646.836 2
S(g+ t)+ predsite 669.116 24.690 0.000 0.000 11 646.849 2
S(g+ t)+ lagosite 669.185 24.759 0.000 0.000 11 646.918 2
S(g+ t)+ postNDVI 669.199 24.773 0.000 0.000 11 646.933 2
S(g+ t)+ preNDVI 669.260 24.834 0.000 0.000 11 646.994 2
S(g+ t)+ sex 669.263 24.837 0.000 0.000 11 646.996 2
S(t) 682.401 37.975 0.000 0.000 8 666.257 1
S(g) 723.593 79.166 0.000 0.000 3 717.569 1
S(g+ year) 725.322 80.896 0.000 0.000 4 717.282 1
S(.) design matrix 744.565 100.139 0.000 0.000 1 742.561 1
S(year) 746.525 102.099 0.000 0.000 2 742.513 1
a Covariates include body mass index (BMI), hind foot length (hindfoot), sex (sex), year (year), 2‐week period (t), site (g), fecal nitrogen site‐wide (FNsite),
2,6‐diaminopimelic acid site‐wide (DAPAsite), fawn DAPA using 3 closest samples (DAPAfawn), pre‐parturition normalized difference vegetation
index (preNDVI), post‐parturition NDVI (postNDVI), predator abundance site‐wide (predsite), predator abundance per transect (predtran), predator
abundance per transect random (predrand), lagomorph abundance site‐wide (lagosite), lagomorph abundance per transect (lagotran), lagomorph
abundance per transect random (lagorand), squirrel abundance site‐wide (sqlsite), squirrel abundance per transect (sqltran), and squirrel abundance per
transect random (sqlrand).
b Top model for phase 2 of model construction.
c Top models for phase 1 of model construction.
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Predators may be satiated with alternate prey during periods
when prey are abundant, thereby buffering the need for
coyotes to prey on fawns during a neonate's vulnerable time
(Hamlin et al. 1984, Berger et al. 2008). Our study sup-
ported this premise, whereas a previous study found rabbit
abundance did not influence fawn survival in southeastern
Colorado (Seidler et al. 2014). Lagomorphs have population
cycles throughout the Intermountain West (Clark 1972,
Wagner 1981, Stoddart et al. 2001) and how these cycles
influence fawn survival is presently unknown. It may be that
there is some threshold of density for alterative prey that
facilitates prey switching, and during our study, rabbit
density was above this threshold. Differences in the rela-
tionship between fawn survival and lagomorph abundance
among the sites could be related to differences in lagomorph
densities, and lagomorph densities could be influenced by
differences in position on the lagomorph population cycle
(Clark 1972, Wagner 1981, Knowlton and Stoddart 1992),
or overall differences in habitat characteristics among sites.
Although alternate prey appeared to be buffering pronghorn
fawns from coyote predation during the 2 years of our study,
there is a possible negative effect of alternate prey sub-
sidizing (Rominger et al. 2004) and increasing predator
populations (Knowlton and Stoddart 1992, Knowlton
et al. 1999). Apparent competition (Holt 1977) can be
deleterious to small ungulate populations where predator
populations are sustained at high densities by the presence
of alternate prey (Johnson et al. 2013).
Contrary to our hypothesis, we did not find pre‐ or post‐
parturition values of NDVI influenced fawn survival.
Pronghorn are very selective foragers (Yoakum 1990) and
select for high‐quality forage (Yoakum 1990, 2004b). It is
likely they select for small forbs in a sea of sagebrush, which
may render our NDVI an inaccurate measure of plant
productivity for pronghorn. That is, our NDVI imagery was
at a resolution of 250m, and that coarse resolution would
not represent the fine‐scale plant selection of pronghorn.
Given this lack of spatial scale alignment, it is not surprising
fawn survival was unrelated to NDVI metrics. Similarly,
there was no relationship between NDVI and survival of
adult Sierra Nevada bighorn sheep (Ovis canadensis sierrae;
Conner et al. 2018). The scale at which we measured NDVI
may not be fine enough and the relationship between NDVI
and survival may not be direct enough to render NDVI as a
useful metric for predicting fawn survival. In addition, a variety
of greenness metrics have been derived reflecting different
phases of plant phenology (Meier and Brown 2014). Possibly,
a different greenness metric would provide a more appropriate
match given the different phases of plant phenology
represented in the 3 study areas.
Opposite to our hypothesis, we did not find a relationship
between predator abundance and survival rates of pronghorn
fawns; however, given only 2 years of data, the role of coyote
predation cannot be completely discounted. Coyote pre-
dation was the leading cause of mortality across all 3 study
areas during both years with the LLPH site having fawns
with the least mass and correspondingly, the lowest fawn
survival. There have been variable findings on the role of
predation effects on neonate ungulates. For example, some
researchers reported predators can have a major effect on
neonate survival (Berger and Conner 2008, White
et al. 2009). In our study, coyote predation was the highest
cause of mortality and coyotes were the leading predator of
fawns. Coyotes can be a significant predator on neonate
pronghorn, with some studies finding coyote mortality




Figure 4. Model averaged estimates of semi‐monthly post‐birth survival
probabilities of pronghorn fawns as related to A) body‐mass index (BMI)
of fawns, B) abundance of lagomorphs, and C) levels of 2,6‐
diaminopimelic acid (DAPA; mg/g) in adult females, southern Idaho,
USA, 2015–2016. All other model covariates are held at their average
values to generate estimates; estimates are for site 1 and time‐period 2
(slopes are the same for all sites and time periods). Dashed lines represent
95% confidence intervals.
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Danvir 2000). Coyote removal increases fawn survival
(Smith et al. 1986, Phillips and White 2003); however,
coyote removal to enhance pronghorn fawn survival has not
been conducted at a large scale, such as at a management‐
unit level, while also examining the suite of variables in-
cluding climate and alternate prey. In a study in south-
eastern Idaho, large‐scale coyote removal did not affect mule
deer populations (Hurley et al. 2011). The LLPH did
contain wolves (Canis lupus), which can affect predation
rates of coyotes on pronghorn fawns (Berger et al. 2008) and
wolves can reduce coyote density (Berger and Gese 2007).
There are certainly other factors influencing fawn survival
we did not examine because we considered only factors
immediately surrounding the fawning period. The presence
of wolves in the LLPH study area, although not leading
directly to predation of fawns, may be creating a more
competitive landscape for prey, with coyotes therefore
concentrating more on fawns as a summer food source. But
pursuing additional factors affecting fawn survival does not
appear necessary because fawn survival in some of the study
areas was high. During the 2 years of our study, neonate
survival across our study sites averaged 42%. O'Gara and
Shaw (2004) reported an average of 29% fawn survival
across 18 studies; the LLPH study area had similar low
fawn recruitment (28%). In the areas with high fawn sur-
vival, we concluded that fawn survival may not be the lim-
iting factor of population growth in those areas, and other
possible factors should be examined (e.g., adult survival).
Given we obtained only 2 years of data covering the first
4 months of life, assessing fawn survival over winter should
be considered for future research including other factors that
affect population growth rates.
One major factor we were not able to examine was winter
severity. Female pronghorn coming out of a cold winter in
lower nutritional condition may put more energy into restoring
their body condition rather than applying that energy to their
offspring (Bodie 1979), and females exiting a previous winter
in poor body condition also have a higher chance of mortality
during summer (Reinking et al. 2018). We recommend future
research consider focusing on female survival and factors af-
fecting female survival because it is more likely that population
growth in these areas was limited by adult survival rather than
fawn survival. Additionally, there is a need for future research
to evaluate the relationships between forage quality and dietary
characteristics, along with other habitat characteristics,
and how these factors influence fawn survival and overall
population performance.
MANAGEMENT IMPLICATIONS
Our findings indicate diet quality for female pronghorn during
pregnancy was positively related to fawn survival. Management
actions that enhance forage quality or restores habitat for
higher quality forage should be considered if herd levels are
below management objectives, particularly if fawn recruitment
is low in that area. Federal and state land managers could plant
desirable forage species (e.g., native forbs) and restore quality
habitat (healthy plant communities with a diversity of shrubs,
forbs, and grasses). Although high lagomorph abundance was
positively related to fawn survival, lagomorph populations are
cyclic and managing lagomorph density to buffer predation on
pronghorn fawns seems unlikely. Maintenance of quality
habitat for pronghorn will likely also benefit lagomorphs,
thereby providing the additional buffering effect of alternate
prey, although increased alternate prey can also increase
predator populations.
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